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I n  an e f for t  to  improve understanding of the effects of variations i n  
background water on reflectance spectra, laboratory tests have  been conducted 
with various concentrations of  sewage sludge diluted w i t h  several types of 
background water. The resul ts  from these tests indicate that reflectance 
spectra for sewage-sludge mixtures are dependent upon the reflectance of the 
background water. Both the r a t i o  of sewage-sludge reflectance to background- 
water reflectance and the ratio of the difference i n  reflectance to background- 
water reflectance s h o w  spectral variation for different turbid background 
waters. The difference i n  reflectance is the  only  parameter  considered i n  
t h i s  study which does not have  major spectral variations w i t h  different 
background waters. 
INTRODUCTION 
The National Aeronautics and Space Administration (NASA) , i n  cooperation 
w i t h  the Environmental Protection Agency (EPA) and the National Oceanic and 
Atmospheric Administration (NOAA) , is conducting a research program to evaluate 
the f eas ib i l i t y  of remotely monitoring Ocean  dumping  of waste products such as 
industrial  wastes and  sewage sludge. The program consists of both f ie ld  exper- 
iments ( re fs .  1 to  8)  and laboratory  studies  (refs. 8 to  1 0 ) .  A s  a resu l t  of 
the expense involved, the field results have generally been limited to one 
experiment w i t h  a specific discharge. Repeat experiments to  investigate  the 
r e l i ab i l i t y  of data-analysis algorithms and the effects of variations i n  back- 
ground water and atmospheric  interference have not been conducted. I n  an 
effort  to improve t h i s  si tuation, a ser ies  of laboratory tests has  been  con- 
ducted to investigate the effects of variations i n  background water on a single 
pollutant, dilute primary-treated sewage sludge from the Southwest Philadelphia 
Waste Treatment Faci l i ty .  It  is the  purpose of t h i s  paper to describe how 
upwelled reflectance spectra of d i lu te  sewage-sludge mixtures changed as the 
content of chlorophyll a and suspended solids i n  the background water varied. 
I n  addition, several types of data-analysis algorithms are applied to the labo- 
ratory data to investigate the sensitivity of each algorithm to variations i n  
background water. I t  is expected that  such  information from laboratory tests 
w i l l  a id i n  the selection of algorithms to be  used i n  future field experiments. 
Use of trade names or names of manufacturers i n  t h i s  report does not 
consti tute an o f f i c i a l  endorsement of such products or manufacturers, either 




area of spectrmeter entrance s l i t ,  cm2 
D vert ical  displacement of oscilloscope measurement, cm 
E(X) spectral  i radiance, W/m2-nm 
K r a t i o  of instrument  throughput  tovertical-scale  s nsitivity  factor, 
cm2- sr 
La (x) upwelled radiance from light  scattered  into  receiver by the 
atmosphere, m/cm2-sr-nm 
Lrd(X) upwelled radiance from specular  eflection of diffuse  skylight, 
mW/cm2- sr - nm 
Lrs ( X )  upwelled radiance from specular  reflection of sunlight, mW/cm2-sr-nm 
Lso(X) upwelled radiance above water surface from 100-percent diffuse 
ref lector ,  mW/cm2-sr-nm 
L, ( X )  inherent upwelled spectral  radiance above water surface, mW/cm2-sr-nm 
L, ( X )  apparent upwelled spectral   radiance  at   al t i tude z ,  mW/cm2-sr-nm 
A[L,(X)l ss = [ L ~ ( x ) I  ss - [L, ( X ) ]  bw, m/cm2-sr-nm 
P(X) spectral  power, mW/nm 
S vertical-scale  sensit ivity  factor,  mi/cm-nm 
Ta (1) atmospheric  transmission  fraction 
a beam attenuation  coefficient  at X = 510 nm, 
X wave1  eng t h, nm 
PIJV inherent upwelled spectral  reflectance above water surface,  percent 
A [Pu ( A )  1 ss = [ p u ( X ) l  ss - [pu(X)1 bw, percent of input 
of input (relative to a 100-percent diffuse ref lector)  
* 
A[pu(X)1  ss = [ p u ( X ) l s s  - [pu(X)1ss=4ppm, percent of input 
0 standard  deviation of measurement error 
R acceptance solid  angle of spectrometer,  sr 
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S u b s c r i p t s :  
bw background  water 
ss sewage  sludge  mixed  with  background water 
EXPERIMENT& METHOD 
The  arrangement shown i n  f i g u r e  1 w a s  used for t h e  l a b o r a t o r y  tests. 
Major parts of t h e  s y s t e m  i n c l u d e  a water t a n k ,  c i r c u l a t i o n  s y s t e m ,  f i l t r a t i o n  
a n d   d e i o n i z a t i o n   s y s t e m ,  solar s i m u l a t o r ,   f i r s t - s u r f a c e  mirror, and  rapid-scan 
spectrometer. The l i g h t  s o u r c e  is a 2.5-kW x e n o n   s h o r t - a r c  lamp which  produces 
a spectrum similar to t h a t  of t h e  Sun a t  a solar e l e v a t i o n  a n g l e  o f  30°, as 
shown i n  f i g u r e  2. A more complete d e s c r i p t i o n  o f  t h e  l a b o r a t o r y   a n d   e q u i p n e n t  
is g i v e n  i n  a p p e n d i x  A. 
Approximately 4 w e e k s  prior to t h e  l a b o r a t o r y  s p e c t r a l - s i g n a t u r e  tests, 
c u l t u r e s  of P h a e o d a c t y l o n   t r i c o r n u t u m  (a  golden-brown  a lgae)  were added to a 
2 - l i t e r  l a b o r a t o r y  c o n t a i n e r  o f  a r t i f i c i a l  seawater   which had b e e n  p r e p a r e d  i n  
a c c o r d a n c e   w i t h   r e f e r e n c e   1 1 .   ( S e e  table I.) The n u t r i e n t s   i n  table 11 were 
a d d e d  a n d  a r t i f i c i a l  s u n l i g h t  was used to g r a w  t h e  a l g a e  i n  a l a b o r a t o r y  e n v i -  
ronment.  When cell  coun t  increased such that  c h l o r o p h y l l  a c o n c e n t r a t i o n  
exceeded  500 pg /a ,   t he   mix tu re  was t r a n s f e r r e d  to a 95- l i te r   t ank   which   had  
p r e v i o u s l y   b e e n   f i l l e d   w i t h   a r t i f i c i a l  seawater. N u t r i e n t s  were added to t h e  
d i l u t e d  a l g a e  m i x t u r e  and  growth was cont inued  under  a r t i f i c i a l  s u n l i g h t  for 
s e v e r a l  w e e k s .  When c h l o r o p h y l l  a c o n c e n t r a t i o n  was a g a i n  i n  e x c e s s  o f  
500 pg/a, t h e  m i x t u r e  was t r a n s f e r r e d  to a 341- l i te r   t ank   and   growth  was 
a l lowed  to c o n t i n u e .  The d e s i r e  was to a c h i e v e   c h l o r o p h y l l  a c o n c e n t r a t i o n s  
between 700 and 800 pg/Q i n  t h e  3 4 1 - l i t e r  c o n t a i n e r .  P o r t i o n s  of t h i s  m i x t u r e  
would  then  be  added to t h e  11  6 0 0 - l i t e r   t a n k  shown i n  f i g u r e  1 t o  a c h i e v e  mix- 
tures w i t h  t h e  d e s i r e d  a l g a e  c o n t e n t .  
The  11 6 0 0 - l i t e r  t a n k  was t h e n  f i l l e d  w i t h  tap water t h a t  had b e e n  f i l -  
tered a n d  d e i o n i z e d  s u c h  t h a t  it c o n t a i n e d  less than 0.5 ppn of  to ta l  suspended 
s o l i d s  and less t h a n  2 ppm o f   d i s s o l v e d   i o n i c   s u b s t a n c e s .  The chemica l  com- 
p o u n d s  i n  t a b l e  I were added i n  s e q u e n c e  i n  t h e  a m o u n t s  shown a f te r  each  pre-  
c e d i n g  compound had  been  observed to d i s s o l v e  i n  t h e  water mix tu re .  The f i n a l  
a r t i f i c i a l  seawater m i x t u r e  was t h e n  f i l tered f o r  1 5  h o u r s  s u c h  t h a t  c o n c e n t r a -  
t i o n  of to ta l  s u s p e n d e d  s o l i d s  was less t h a n  0.1 ppm and  concen t r a t ion  o f  ch lo -  
r o p h y l l  - a was less t h a n  0.2 pg/Q. 
The   s equence   o f   l abo ra to ry  tests is summarized i n  f i g u r e  3 .  The h igh  
v a l u e  of to ta l  suspended   so l ids   shown for a r t i f ic ia l  seawater p l u s  n u t r i e n t s  
( m i x t u r e  0 )  is b e l i e v e d  to have  been  caused  by incomplete d i s s o l u t i o n  of t h e  
p o w d e r e d  n u t r i e n t s  i n  t h e  a r t i f i c i a l  seawater p r i o r  to t h e  a d d i t i o n  o f  a l g a e .  
A p o r t i o n  o f  t h e  m i x t u r e  i n  t h e  3 4 1 - l i t e r  t a n k  ( c h l o r o p h y l l  a = 740 pg/Q,  and 
to ta l  suspended s o l i d s  = 43 ppm) was added to t h e  11 600- l i te r   t ank .   The  
r e s u l t i n g  water had a c h l o r o p h y l l  a c o n c e n t r a t i o n  of 7 pg/Q  and is l a b e l e d  mix- 
t u r e  1 i n  f i g u r e  3 and table 111. T h i s  is t h e  f i r s t  m i x t u r e  for which  upwelled 
- 
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spectral-reflectance measurements are  presented. Two additional water trans- 
f e r s  were  made l a t e r  i n  the day to obtain mixtures 2 and 3, which had chloro- 
phyll a concentrations of 15 and 20 pg/Q, respectively.  Artificial  l ight was 
then added and the algae allowed to  grow for  17 hours to obtain mixture 4 .  The 
next morning, analyses were  made of mixture 4 ,  which had a chlorophyll a con- 
centration of 31 pg/R  and a to t a l  suspended-solids concentration of 11.6 ppm. 
After measurement of the upwelled reflectance spectra, two additions of primary- 
treated sewage sludge were  made such that total suspended-solids concentration 
increased from 11.6 ppm i n  mixture 4 t o  19.3 ppm i n  mixture 5 and 48.7 ppm i n  
mixture 6 .  Table I11 indicates that algae cell count remained essent ia l ly  
constant. 
Upwelled radiance over the wavelength range from 400 t o  980 nm was mea- 
sured for each of the s i x  water mixtures i n  table I11 over the 2-day period 
of the tests. For each water mixture, diffuse reflectance measurements of the 
solar-simulator spectral input at the water surface were  made w i t h  a 99-percent- 
reflectance white card to monitor op t ica l  s tab i l i ty  of the laboratory system 
and to derive spectral reflectance from upwelled radiance values as described 
i n  appendix A. 
RESULTS AND DISCUSS ION 
Ar t i f i c i a l  Seawater Tests 
Measured spectral radiance and reflectance curves are shown i n  f ig- 
ures 4 (a) and 4 (b) , respectively, for mixtures 1 through 4. A l l  data are for a 
spectral  resolution  equal  to 32 nm. Estimated  values  for  standard  deviation 0 
are based on manufacturer's specifications (see appendix A) combined w i t h  data 
readup inaccuracy. Not included i n  the  estimates of standard  deviation  are  the 
uncertainties i n  the concentrations of chlorophyll a and to ta l  suspended sol ids  
inherent i n  laboratory analyses of water samples.  Standard deviation of chlo- 
rophyll a concentrations is estimated a t  20 percent of the observed value. 
( A l l  chlorophyll a values given i n  t h i s  report are the average of three mea- 
surements. ) Estimated standard deviation of to ta l  suspended-solids  values is 
25 percent a t  7 ppm and 10 percent at 50 ppm. Variations i n  the spectral- 
radiance curves (fig. 4 (a))  are  caused i n  part  by the spectral  characterist ics 
of t h e  xenon-lamp input source (see fig. 2(b)) . Figure 4 (b) shows spectral- 
reflectance values which cancel the effects of the lamp spectra. Figure 4 (b)  
shows l i t t l e  change i n  reflectance for chlorophyll 2 concentrations between 7 
- 
and 20 Pg/a for  the Phaeodactylon ~- tricornutum  algaespecies. A s  higher con- 
centrations of chlorophyll a are approached w i t h  mixture 4 ,  a larger increase 
i n  spectral reflectance is observed. 
Spectral-radiance and reflectance values are shown i n  f igures 5(a) 
and 5 (b) , respectively, for mixtures 4 ,  5, and 6. Mixture 4 is considered to  
be a turbid background-water mixture to which two quantit ies of  sewage sludge 
were added to obtain mixtures 5 and 6. I n  figure 5 (b)  , it appears that the 
addition of sewage sludge from the Southwest Philadelphia Waste Treatment 
Faci l i ty  causes reflectance to increase by a nearly constant amount, w i t h i n  the 
accuracy of the measurements over the spectral  range from 400 to  980 MI. 
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Comparison With Previous R e s u l t s  
D i l u t e  primary-treated sewage sludge from the Southwest Philadelphia Waste 
Treatment Fac i l i ty  has previously been tested and the results reported i n  ref- 
erence 9.  Those tests were conducted w i t h  both f i l t e red ,  deionized  tap water 
and natural water pumped from the Back River a t  Hampton, Virginia. Figure 6(a) 
shows reflectance spectra from the reference 9 t e s t s  compared w i t h  the curve 
from figure 5(b) for the mixture w i t h  a sewage-sludge concentration of 37 ppm 
(mixture 6) . T h i s  curve for  mixture 6 w i l l  be considered as representative of 
a 34-ppm mixture for the remainder of t h i s  publication, since the  difference is 
w i t h i n  repeatabil i ty of water sample analysis.  Figure  6(a)  indicates  that 
reflectance spectra for the two samples of  sewage sludge a t  a concentration of 
34 ppm are different. Figure 6 ( b )  shows reflectance spectra for two of the 
background waters, mixture 4 and  Back River  water. A reflectance spectrum for 
f i l t e r ed ,  deionized tap water is not shown because of limitations of the labo- 
ratory system.  (See  appendix A.) Comparison  of f igure  6(a) w i t h  figure 6 ( b )  
indicates that the spectral-reflectance variation of each sewage-sludge mixture 
is quite similar to that of the background water for both mixture 4 and Back 
River  water. 
Application of Selected Algorithms 
A s  discussed previously, one purpose of t h i s  s t u d y  was to investigate the 
sensi t ivi ty  to  var ia t ions i n  background water of several algorithms for analy- 
sis of field data by use of laboratory reflectance data. I n  order to accom- 
pl ish t h i s ,  it is f i r s t  necessary to relate upwelled radiance measurements a t  
altitude to surface-reflectance values. An analytical expression for t h i s  
relation is given i n  appendix B, along w i t h  similar equations for several 
algorithms. I n  the  following  paragraphs,  laboratory  reflectance  values w i l l  
be applied to these algorithms i n  an effort to infer probable characteristics 
of remote-sensing radiance measurements from a i r c ra f t  or s a t e l l i t e s .  
The r a t io  of sewage-sludge to  background-water apparent radiance is 
related to the ratio of sewage-sludge reflectance to background-water inherent 
reflectance as shown i n  the following equation (which is equal to eq. ( B 3 ) )  : 
B + C  
Application of laboratory values from figure 6 produces the spectra of inherent- 
reflectance ratios shown i n  figure 7. Figure 7(a) shows curves based on contin- 
uous spectrometer  data.  Simulated  values  for bands 2 through 9 of the Modular 
Multispectral Scanner (M2S, Bendix Corp.) instrument have also been calculated 
and are shown i n  figure 7(b) . These calculations were  made  by integrating the 
values of figure 7 (a) over the bandwidths of 40 t o  100 nm for each channel of 
the M2S instrument. The M2S instrument was chosen for simulation because of 
its wide use i n  ocean-dumping remote-sensing experiments (refs.  5 to  7, for 
example) . Figure 7 (a) indicates a difference i n  [pu ( X )  1 ss/  [pu ( X )  I bw for 
different turbid background waters. The sharp peaks observed i n  the laboratory 
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spectra are not evident i n  t h e  simulated M2S spectra because of the poorer 
spectral resolution of that instrument. If the spectral  characterist ics of 
the rat io  of sewage-sludge reflectance to background-water reflectance vary 
w i t h  differences i n  turbid background water, it is reasonable to expect that 
the rat io  of sewage-sludge radiance to background-water apparent radiance a t  
a l t i tude  z w i l l  a lso vary according to  equation ( 1 ) .  
Another algorithm which has some potential for identification of marine 
pollutants is one i n  which the difference between the sewage-sludge radiance 
and background-water apparent radiance A[L, ( X ) ]  ss is expressed as a r a t io  
to  the  apparent  radiance of the background water [L,(x)lbw. T h i s  r a t io  is 
related to inherent-reflectance values by the following expression (which is 
the same as eq. (B6) ) : 
B 
The reflectance ratio A[pu(X) l  s,/[p,(X)l b w  shown i n  figure 8 has been com- 
puted from values i n  figure 6. From these  curves, it is concluded that differ-  
ences i n  both reflectance magnitude and spectral variation occur for different 
turbid background waters. I t  is reasonable to expect that the ratio of the 
difference i n  apparent radiance to the background-water apparent radiance w i l l  
also vary for turbid background waters. 
The third algorithm investigated was the parameter for the difference i n  
apparent  radiance A[L , (h ) ]  ss. This  parameter is related  to  the  difference 
i n  inherent reflectance by the following expression (which is the same a s  
eq. (B9) : 
A [L, ( X )  I ss = [Ta ( X )  I [Lso ( X )  I (A[pu(h) I SsI ( 3 )  
Again by use of values from figure 6, the inherent-reflectance difference 
A [ p u ( X ) l s s  has been computed  and is shown i n  figure 9. T h i s  figure  indicates 
that the two background waters give differences i n  magnitude of A[pu(A) lss ,  
b u t  its spectral variation is nearly independent of whether mixture 4 or Back 
River water is the background water. For t h i s  particular  pollutant (Southwest 
Philadelphia Waste Treatment Faci l i ty  sewage sludge) , the spectral variation 
of A[pu(X)l ss appears  to be less sensit ive to background-water variations  than 
ei ther  [pu(X) 1 s s / [ ~ u ( X ) l  bw or A[pU(X)  1 s s / [ ~ u ( X ) l  bw. 
To further  investigate  characterist ics of the A[pu(X) lss  parameter, com- 
putations were  made to determine haw spectral  characterist ics of A[pu(X) l  ss 
might change w i t h  sewage-sludge concentration. These results are shown i n  fig- 
ure 10 for three types of background water based on data from figure 5 and ref- 
erence 9. The parameter A[pu(X) l  .& is shown for f i l t e r ed ,  deionized  tap 
water because laboratory reflectance measurements are not considered valid for 
clear background water , as discussed i n  appendix A. I n  clear water, laboratory 
spectral  measurements are not usable  unless a 2 2 m-l (concentration  of 
suspended solids usually greater than or equal to 4 ppm). I n  t h i s  case, 
A [ p u ( h )  1 Es is used to  i l lus t ra te  changes which occur as sewage-sludge 
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c o n c e n t r a t i o n  increases from 4 to 69 ppm, whereas  A[pu  (X)] ss is used to s t u d y  
changes as s l u d g e   c o n c e n t r a t i o n   i n c r e a s e s   f r o m  0 to  69 ppm. F i g u r e  10  shows a 
near ly   un i form  spec t rum  for   bo th   A[pu(X) lss   and   A[pU(X)1 ,* ,   for   s ludge  
c o n c e n t r a t i o n s  b e t w e e n  4 and 69 ppm f o r  a l l  t h r e e  types of  background water. 
The small v a r i a t i o n s  e v i d e n t  i n  some c u r v e s  are w i t h i n  t h e  s t a n d a r d  d e v i a t i o n  
o f  l a b o r a t o r y  r e f l e c t a n c e  v a l u e s  (a = k0. 16 p e r c e n t )  . 
Knowledge of a t m o s p h e r i c  e f f e c t s  is r e q u i r e d  to relate s u r f a c e - r e f l e c t a n c e  
to appa ren t - r ad iance  parameters. E q u a t i o n   ( 3 )   s h o w s   t h a t   v a l u e s   o f   a t m o s p h e r i c  
t r a n s m i s s i o n  Ta(X)  and d i f f u s e - r e f l e c t o r   r a d i a n c e  Lso(X) are r e q u i r e d  to 
c o n v e r t  t h e  d i f f e r e n c e  i n  i n h e r e n t  r e f l e c t a n c e  a t  t h e  water su r face   A[pu(X) l s s  
to t h e   d i f f e r e n c e   i n   r a d i a n c e  a t  a l t i t u d e  A[L,(X)I s s .  Typical v a l u e s  for 
Ta(X)  and Lso(X) are shown i n   f i g u r e  11. F i g u r e  11 (a)  is based   on  Lso(X) 
measurements made on  the  beach  a t  Cape Henelopen,  Delaware, on  Ju ly  24 ,  1978,  a t  
9: 40 a.m. EDT. Or ig ina l  measu remen t s  were made w i t h  a spectrometer a t  a spec- 
t r a l  r e s o l u t i o n  e q u a l  to 16 nm. The v a l u e s  shown i n  f i g u r e  11 (a )  are i n t e g r a t e d  
ave rage   va lues   wh ich   s imula t e   each   band   o f   t he  M2S i n s t r u m e n t .  V a l u e s  for 
Ta(X) were computed e v e r y  6 nm by use  of t h e  a n a l y t i c a l  model d e s c r i b e d  i n  ref- 
e r e n c e   1 2 .   L i k e w i s e ,   t h e   v a l u e s   s h o w n   i n   f i g u r e   l l ( b )  are i n t e g r a t e d   a v e r a g e s  
w h i c h   s i m u l a t e   t h e  spectral r e s o l u t i o n  of t h e  M2S ins t rumen t .   F igu res  11  (a )  
and 11 (b) show t h a t  Lso(X) and Ta(X) t y p i c a l l y   h a v e   d i f f e r e n t  spectral  v a r i -  
a t i o n s .   T h i s  means t h a t   A [ L , ( X ) I ~ ~  w i l l  h a v e   d i f f e r e n t  spectral  c h a r a c t e r i s -  
t ics than   A[pu(X)Iss ,  as  shown i n   f i g u r e  12. F i g u r e   1 2 ( a )   s h o w s   l a b o r a t o r y  
va lues  o f  A[pu  ( X )  1 ss t a k e n  d i r e c t l y  f r o m  f i g u r e  10 (b) . C a l c u l a t e d  v a l u e s  
of AIL,(X)Iss are shown i n   f i g u r e   1 2 ( b ) .  V a l u e s  for Lso(X) and Ta(X) from 
f i g u r e  11 were used i n   e q u a t i o n   ( 3 )  to o b t a i n  A[L,(X)lSs. The s t a n d a r d   d e v i a -  
t i o n  shown f o r   A [ L , ( X ) I ~ ~  is based   on   t he  u v a l u e   f o r   A [ p u ( X ) l  ss m u l t i -  
plied by  Ta(X)  and Lso(X).  I n   t h e   t r u e  case, both  Ta(X)  and Lso(X) 
a lso conta in   measurement  errors which   propagate   in to   A[L, (X) l  ss and i n c r e a s e  
t h e   a c t u a l   s t a n d a r d   d e v i a t i o n  beyond t h a t  shown i n  f i g u r e  1 2 ( b ) .  From f i g -  
u re   12 ,  it is clear t h a t  calculated v a l u e s   o f   A [ L , ( X ) l S s   c o n t a i n   s i g n i f i c a n t  
u n c e r t a i n t y  b e c a u s e  of the  inaccuracy  of  bas ic  rad iance  measurements  and  the  
number o f  a n a l y t i c a l  operations which must be performed to o b t a i n  q u a n t i t a t i v e  
r e s u l t s .  
I t  is o f  i n t e r e s t  to compare A[LZ(X) 1 ss v a l u e s  c a l c u l a t e d  from l a b o r a t o r y  
tests w i t h   r e s u l t s   f r o m   a n   a c t u a l   f l i g h t   e x p e r i m e n t .  On October   7 ,   1976,   an  
expe r imen t  was c o n d u c t e d  o f f  t h e  coast of Delaware i n  which environmental  con- 
d i t i o n s  were similar to t h o s e   u s e d   i n   t h e   c a l c u l a t i o n s   f o r   f i g u r e   1 2 .  An  M2S 
i n s t r u m e n t  was flown a t  a n  a l t i t u d e  of 3.1 km over  a dump o f  p r i m a r y - t r e a t e d  
sewage s l u d g e  from t h e   S o u t h w e s t   P h i l a d e l p h i a  Waste T r e a t m e n t   F a c i l i t y .  Time 
of o v e r p a s s  was 11 : 56 a.m. EDT a n d  a t m o s p h e r i c  v i s i b i l i t y  was approx ima te ly  
15  km. S o l a r   e l e v a t i o n   a n g l e  was 44O. The f l i g h t  data f r o m   t h a t  tes t  c o n t a i n  
some noise   which is typical o f  most m u l t i s p e c t r a l   s c a n n e r   i n s t r u m e n t s .   T h e  
a v e r a g e   s t a n d a r d   e v i a t i o n   f o r   b a n d s  1 th rough  9 is +0.115 x mW/cm2-sr-nm 
for i n d i v i d u a l  p i x e l s  r e p r e s e n t i n g  an area o f  9 m by 9 m each.  To r e d u c e  t h i s  
n o i s e ,  new r a d i a n c e  v a l u e s  were c a l c u l a t e d  for e a c h  p i x e l  based on   t he   ave rage  
of 49 s u r r o u n d i n g   p i x e l s  (a 7 -p ixe l  by 7-p ixe l  square). The p i x e l   a v e r a g i n g  
process reduced   t he  average n o i s e   s t a n d a r d   e v i a t i o n   f r o m   k 0 . 1 1 5  x mW/cm2- 
sr-nm to k0.058 x mW/cm2-sr-nm. The noise l e v e l   d i f f e r e d   s i g n i f i c a n t l y  
be tween  ind iv idua l  bands .  
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To obtain A [ L , ( X ) I  ss ,  "averaged" radiance of a pixel i n  t he  sewage-sludge 
plume  was subtracted from the "average" radiance of the background water. The 
standard deviation of A[Lz(x) 1 ss was estimated as the square root of 2 times 
the standard deviation of background-water noise for each band. The resul t  of 
these calculations is shown i n  figure 13 ( a ) .  It  is not known  what the sewage- 
sludge concentration was i n  the plume pixel used i n  these calculations. Fig- 
ure 13 (a) indicates that the uncertainty i n  the f l ight  data  is of the  same 
order of magnitude as  tha t  i n  t h e  A[L,(X) 1 ss values calculated from labora- 
tory  data  (fig. 1 3 ( b ) ) .  Spectral  variation of A [ L , ( X ) I ~ ~  from flight  data is 
similar i n  both magnitude and shape to the laboratory curves for the lower con- 
centrations of  sewage sludge. Inaccuracies i n  both se t s  of data make it such 
that  an accurate comparison w i t h  firm conclusions is not possible. 
CONCLUDING REMARKS 
I n  an e f for t  to  improve understanding of the effects of variations i n  back- 
ground water on reflectance spectra, laboratory tests have  been conducted w i t h  
various concentrations of  sewage sludge diluted w i t h  several types of water. 
Spectral-reflectance characteristics have  been obtained and applied to selected 
data-analysis algorithms which may have potential  for pollutant identification. 
From ,these results, the following conclusions are made: 
1 .  Reflectance spectra for sewage-sludge mixtures i n  turbid waters are 
dependent upon the reflectance of the background water. 
2. The r a t io  of sewage-sludge reflectance to background-water reflectance 
showed  some spectral variation for different turbid background waters. 
3 .  Spectral differences also occurred i n  the ratio of "delta" reflectance 
A[pu(X) 1 ss to  background-water reflectance as background water changed. For 
t h i s  reason, caution is suggested when the ratio of the difference i n  sewage- 
sludge apparent radiance and background-water apparent radiance to background- 
water apparent radiance from a i r c r a f t  or s a t e l l i t e  remote-sensing data is used. 
4 .  The difference i n  reflectance between  sewage sludge and background 
waters d i d  not show major spectral variations w i t h  different turbid background 
waters. Improved  knowledge  of atmospheric effects  is required  before  labora- 
tory measurements of inherent reflectance can be accurately related to apparent 
radiance measured  from a i r c ra f t  or s a t e l l i t e  remote sensors. 
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
June 1 2 ,  1979 
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LABORATORY AND EQUIPMENT 
The c y l i d r i c a l  steel water t a n k  h a s  a d iameter  of  2 .5  m and a d e p t h  of 
3 m. The bottom is concave as i l l u s t r a t e d   i n   f i g u r e   1 .  T h e   t a n k   i n t e r i o r  
is c o a t e d  w i t h  a b l a c k  p h e n o l i c  p a i n t  t h a t  absorbs 97 p e r c e n t  o f  i n c i d e n t  
r a d i a t i o n  o v e r  t h e  spectral range   of   the   measurements  (400 to 980 nm) . For  
t h e s e  e x p e r i m e n t s ,  t h e  t a n k  w a s  f i l l e d  to w i t h i n  0 . 3  m o f  the  top wi th  abou t  
11 600 l i t e r s  of  water. 
The c i r c u l a t i o n  s y s t e m  w a s  des igned  to m a i n t a i n  a v e r t i c a l  and h o r i z o n t a l  
homogeneous mixture i n  t h e  t a n k  and to  m a i n t a i n  i n  s u s p e n s i o n  par t ic les  up to  
a b o u t  70 pm i n   d i a m e t e r   ( s p e c i f i c   g r a v i t y   o f   2 . 6 ) .   T h i s  particle s i z e  corre- 
sponds  to f i n e   s a n d .   I n   o r d e r  to a c c o m p l i s h   t h e s e   d e s i g n  goals,  water is 
pumped from t h e  d r a i n  a t  t h e  b o t t o m  o f  t h e  t a n k  i n t o  a system  of  pipes which 
r e t u r n s  t he  water to t h e  tank   th rough two v e r t i c a l  pipes on opposite s i d e s  of 
t h e   t a n k .  The pipes empty   j u s t   above   t he   concave  bottom. Water e n t e r i n g   t h e  
t ank   t h rough   t hese  pipes washes  over   the  concave bottom, meets a t  a l o c a t i o n  
away from t h e   d r a i n ,  and wells upward. Tests u s i n g  tracer techniques  and 
t ransmiss ion  measurements  have  conf i rmed t h a t  t h i s  c i r c u l a t i o n  s y s t e m  p r o v i d e s  
a near ly   uniform  homogeneous  mixture   throughout   he  tank.  For p o l l u t a n t s   s u c h  
as sewage s l u d g e  w i t h  specific g r a v i t i e s  less t h a n  2 . 6 ,  t h e  p r e s e n t  l a b o r a t o r y  
se tup  can  suspend  particles l a r g e r  t h a n  70 pm i n  d i a m e t e r .  
The f i l t r a t i o n  and d e i o n i z a t i o n  s y s t e m  i n c l u d e s  a commercial f i b e r  
swimming-pool f i l t e r ,  a n  a c t i v a t e d  c a r b o n  f i l t e r ,  and a c h a r g e d  r e s i n  
d e i o n i z e r .   T h e s e   u n i t s  were placed i n  water l i n e s  para l le l  to t h e  main c i r -  
c u l a t i o n  s y s t e m  water lines and  can be used  s e p a r a t e l y  or i n  a n y  c o m b i n a t i o n  
by us ing   va lves .  The two f i l t e r s  remove p a r t i c u l a t e s  and d i s s o l v e d   o r g a n i c  
materials from the water b e f o r e  it reaches t h e   d e i o n i z e r ,   w h e r e   d i s s o l v e d   i o n i c  
s u b s t a n c e s  are removed.  After tap water is c o n d i t i o n e d   t h r o u g h  t h i s  sys tem,  it 
c o n t a i n s  less than  0 .5  ppm o f  s u s p e n d e d  s o l i d s  a n d  less than  2 ppm of d i s s o l v e d  
s u b s t a n c e s .  
The l i g h t  s o u r c e  is a s o l a r - r a d i a t i o n  s i m u l a t o r  d e s i g n e d  to approximate  
t h e  spectral  c o n t e n t  of t h e   S u n ' s   r a y s .  The r a d i a t i o n  spectrum is produced  by 
a 2.5-kW xenon  shor t - a rc  lamp and t r a n s f e r r e d  to t h e  target  p l ane  th rough  an  
optical a r r a n g e m e n t   i n s i d e   t h e   s i m u l a t o r   a n d  a c o l l i m a t i n g  l e n s  a c c e s s o r y .  
W i t h  t h e  c o l l i m a t i n g  l e n s  a c c e s s o r y ,  t h e  projected beam is collimated to a 
0.15-m diameter a t  0.3 m f r o m  t h e  simulator and has a +2.5O c o l l i m a t i o n  a n g l e .  
F o r  t h e s e  e x p e r i m e n t s ,  t h e  s i m u l a t o r  was located approx ima te ly   6 .0  m from t h e  
water t ank  ( f i g .  1 ) .  A t  t h i s  d i s t a n c e  from t h e  s i m u l a t o r ,   t h e  beam is a b o u t  
0.57 m i n  d i a m e t e r .  A mirror pos i t i oned   1 .52  m above   t he  water t ank  ref lects  
t h e   c e n t e r   o f   t h e  beam to t h e  water s u r f a c e .  The i n c i d e n c e   a n g l e   w i t h   t h e  
water s u r f a c e  is 13O to a v o i d   s p e c u l a r   r e f l e c t a n c e .  The mirror is a f i r s t -  
s u r f a c e  mirror coated with  aluminum and p r o t e c t e d  by a n  o v e r c o a t  o f  s i l i c o n  
monoxide. I t  has  a 0.3-m diameter and reflects a n  e l l ipt ical  spot o n   t h e  water 
s u r f a c e   w h i c h   h a s  a maximum diameter of  0.35 m. The   s imula tor  spectral i n p u t  
t o  t h e  water s u r f a c e  is similar to, b u t  not a precise d u p l i c a t e  of, s e a - l e v e l  
s t a n d a r d  s o l a r - r a d i a t i o n  c u r v e s  o f  t e n  u s e d  i n  e n g i n e e r i n g  c a l c u l a t i o n s  
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(ref.  13) . Figure 2 ( a )  shows that the standard sea-level curves are rather 
variable, depending on t h e  solar  elevation  angle.  Figure 2 ( b )  shows the simu- 
la tor  spectrum normalized to  the solar spectrum a t  600 nm and a solar elevation 
angle of 30°. These curves suggest that when laboratory measurements are made 
a t  a 32-nm spectral resolution, the input spectrum and possibly the output mea- 
surements are similar to those that would be expected i n  the f ie ld  for  a solar 
elevation angle on the  order of 30°. The total  intensi ty  of the l ight hit t ing 
the water surface is approximately 8 percent of tha t  i n  actual field conditions 
The rapid-scanning spectrometer system c o n s i s t s  of a spectrometer u n i t  
w i t h  a telephoto lens attachment and a plug-in u n i t  w i t h  an oscilloscope and 
camera attachment. The spectrometer u n i t  w i t h  telephoto  lens  attachment is 
mounted 2 .43  m above the surface of the water ( f ig .  1 ) . The spectrometer uses 
a Czerny-Turner grating monochromator without an ex i t  s l i t .  The spectral out- 
put of the monochromator is focused on the target of a vidicon tube, where the 
spectrum is stored as an e lec t r ica l  charge image. An electron beam periodi- 
cally scans the vidicon target to convert the charge image in to  an electronic 
signal. T h i s  signal is processed by the  plug-in unit, which also functions as 
a controller between the  spectrometer and the oscilloscope. The signal is d is -  
played on the oscilloscope and is photographically  recorded w i t h  a camera. The 
spectrometer is designed to  measure power per spectral  bandwidth (spectral  
power). The oscilloscope  screen is used to  show displacement of the  instrument 
measurement. Oscilloscope  displacement is proportional to spectral power as  
shown i n  the equation 
The signal is internally processed i n  such a manner that the vertical-scale 
sensi t ivi ty  factor  S has a constant  value over the wavelength range from 400 
to  980 nm. Values of S were obtained by the  manufacturer u s i n g  calibration 
procedures  described i n  reference 14 .  (After  receipt of the  instrument,  the 
manufacturer's calibration was checked i n  an approximate manner prior to the 
t e s t s  described  herein.) The upwelled spectral  radiance Lu(X) is defined a s  
where A is the  area of the  spectrometer  entrance s l i t  and is the accep- 
tance solid angle of the  spectrometer. Radiance values  given  herein  are based 
on  power received at the detector and are not corrected for losses through the 
telephoto lens. Tests w i t h  and without the lens indicate that such losses are 
much l e s s  than 5 percent for wavelengths between 400 and  980 nm. 
Combining equations ( A l )  and (A2) r esu l t s  i n  
D S  







LU(X) = - 
where 
Thus,  upwelled spectral radiance is determined from oscilloscope displacement 
and the proportionality constant K, which is a function of the calibration 
factor S (which includes  optical  transmissivity)  as well as  acceptance 
angle SI and sl i t  area A. 
I n  order  to  obtain  spectral  reflectance P U ( A ) ,  radiance measurements 
are made  of a 99-percent diffuse horizontal reflector near the water surface 
Lso(A).  Values obtained  are  proportional  to  the spectrum  being input  to  the 
water by the  solar  simulator.  Reflectance is then computed by u s i n g  the fol- 
lowing equation: 
By adjusting the slit area, spectral resolution of the spectrometer may be 
changed. For the tests described herein, a l l  laboratory measurements were  made 
w i t h  a spectral resolution of 32 nm. 
The instrument has been observed to experience daily variations i n  the 
calibration  factor K, which affects  absolute  accuracy. According to  instru- 
ment specifications, absolute accuracy of the measurements is believed to be 
+_20 percent i n  the 400- to 600-nm range and +_12 percent i n  the 600- to 900-nm 
range. (A comparison of resul ts  from a number  of laboratory tests at  Langley 
Research  Center tends  to  verify  the  manufacturer's  specifications.) Included 
i n  the absolute error is a repeatability uncertainty of f13 percent i n  the 400- 
to  600-nm range and f3.5 percent i n  the 600- to 900-nm range.  Discussions w i t h  
the manufacturer indicate that these values are believed to be representative 
of 30 error bands. Because of these absolute errors, spectral radiances from 
tes t s  conducted on different  days usually differ somewhat i n  magnitude. How- 
ever, the overall shape of the relat ive spectrum over the wavelength .range is 
consistent between t e s t s  conducted on different  days. 
Results from laboratory tests are always limited, because the natural 
environment is not precisely duplicated. The e f fec ts  of diffuse s k y l i g h t ,  for 
instance,  are not simulated i n  the  laboratory used i n  t h i s  study. (The percent 
value of diffuse s k y l i g h t  to parallel  sunlight varies from  day to day i n  the 
natural environment.) Calculations wi th  quasi-single-scattering and multiple- 
scattering optical  models ( ref .  15)' have indicated less than 1 percent differ- 
ence i n  inherent reflectance between  Sun-only and sky-only cases, however. For 
11 
APPENDIX A 
t h i s  reason, it is believed that inherent-reflectance spectra measured i n  the 
laboratory are character istic of those i n  the natural environment for the same 
water mixture. 
Measurements of upwelled radiance for clear waters i n  t h i s  laboratory are 
not  considered  valid. Data tabulated i n  reference 16 suggest that beam atten- 
uation coefficient 01 should have a minimum value of 2.0 m-l before bottom 
ref lect ion can be ignored when water depth equals 3.0 m. Reference 1 7  examined 
the effects of solar spot size and concluded tha t  c1 should have minimum val- 
ues between 2.0 and 4.0 m-l to eliminate losses i n  signal when spot diameter is 
0.3 m. The only data tha t  should be considered valid from t h i s  laboratory are 
those  for  turbid water mixtures w i t h  c1 greater than 2.0 m - l .  
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RELATION OF ALTITUDE  RADIANCE  TO  SURFACE  REFLECTANCE 
From r e f e r e n c e  18, r e f l e c t a n c e  a t  sea l e v e l  and   upwel led   rad iance  a t  a n  
a l t i t u d e  are r e l a t e d  as follows: 
appa ren t   upwe l l ed   r ad iance  a t  altitude z, mW/cm2-sr-nm 
a t m o s p h e r i c  t r a n s m i s s i o n  f r a c t i o n  
i n h e r e n t   u p w e l l e d  spectral r e f l e c t a n c e  a b o v e  water s u r f a c e ,  p e r c e n t  
o f  i n p u t  ( r e l a t i v e  to a 1 0 0 - p e r c e n t  d i f f u s e  r e f l e c t o r )  
upwel led   rad iance   above  water s u r f a c e  f r o m  a 1 0 0 - p e r c e n t  d i f f u s e  
reflector, mW/cm2-sr-nm 
upwel led   rad iance  from s p e c u l a r  r e f l e c t i o n  of d i f f u s e  s k y l i g h t ,  
mW/cm2-sr-nm 
upwel led   rad iance  from s p e c u l a r  r e f l e c t i o n  o f  s u n l i g h t ,  mW/cm2-sr-nm 
u p w e l l e d  r a d i a n c e  f r o m  l i g h t  s c a t t e r e d  i n t o  r e c e i v e r  by t h e  
a tmosphere ,  mW/cm2-sr-nm 
A t m o s p h e r i c   t r a n s m i s s i o n  Ta(X) is a f u n c t i o n   o f   a t m o s p h e r i c   c o n s t i t u e n t s ,  
a l t i t u d e ,  a n d   r e m o t e - s e n s o r   p o i n t i n g   a n g l e   ( r e f .  1 4 ) ;  La(x)  is a f u n c t i o n  
no t  on ly  of a t m o s p h e r i c  c o n s t i t u e n t s  and solar e l e v a t i o n  a n g l e ,  b u t  also o f  
target and   background   r e f l ec t ance  ( ref .  19) ;  Lso(X) is a f u n c t i o n  of solar 
e l e v a t i o n   a n g l e  and   a tmosphe r i c   ond i t ions ;   L rd (x )  is a f u n c t i o n   o f  atmo- 
s p h e r i c   c o n d i t i o n s   a n d   r e m o t e - s e n s o r   p o i n t i n g   a n g l e ;   a n d  L r s  (x) is a func- 
t i o n  of sea s ta te  and  windspeed i n  a d d i t i o n  to a tmospher ic  and  poin t ing-angle  
e f f e c t s   ( r e f .  1 8 ) .  Thus  upwelled  radiance  measured a t  a l t i t u d e  is a f u n c t i o n  
n o t  o n l y  o f  i n h e r e n t  r e f l e c t a n c e  o f  t h e  water bu t  a lso o f  a l t i t u d e ,  remote- 
s e n s o r   p o i n t i n g   a n g l e ,   a t m o s p h e r i c   c o n s t i t u e n t s ,  solar e l e v a t i o n   a n g l e ,  sea 





Thus,  the ratio of sewage-sludge radiance to background-water apparent radiance 
is a function of a l t i tude ,  remote-sensor pointing angle, atmospheric constitu- 
e n t s ,  solar elevation angle, sea state, and windspeed, as well as water reflec- 
tance ratio. 
Another algorithm which has some potent ia l  for  ident i f icat ion of marine 
pollutants is one i n  which the difference between the sewage-sludge radiance 
and background-water apparent radiance is expressed as a ratio to the apparent 
radiance of the background water. From equation ( B l )  t h i s  r a t io  can be 
expressed as 
where 
T h i s  algorithm is similar to that of equation (B3)  i n  that  it is a function of 
a l t i tude ,  remote-sensor pointing angle, atmospheric constituents, solar eleva- 
tion angle, sea state, and windspeed, as well as inherent-reflectance charac- 
t e r i s t i c s  of t h e  water. 
A third algorithm often considered for identification of pollutants is the 
simple difference between the sewage-sludge and background-water apparent radi- 
ances  as  defined i n  equation ( B 7 ) .  Again assuming that the sewage sludge and 
background water are located sufficiently close together and no differences i n  
surf ace films exis t  such that  Ta (x) , Lrd (x) , Lrs (x) , and La (x) are equal 
for both signals, the algorithm for apparent-radiance difference can  be written 
from equation ( B l )  as 
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RELATION OF ALTITUDE RADIANCE TO SURFACE REFLECTANCE 
From reference 1 8 ,  reflectance at sea level and upwelled radiance a t  an 
altitude are related as follows: 
apparent upwelled radiance a t  a l t i tude  z, mW/cm2-sr-nm 
atmospheric transmission fraction 
inherent upwelled spectral reflectance above water surface, percent 
of input (relative to a 100-percent diffuse ref lector)  
upwelled radiance above water surface from a 100-percent diffuse 
ref lector ,  mW/cm2-sr-m 
upwelled radiance from specular reflection of diffuse skylight, 
mW/cm2-sr-m 
upwelled radiance from specular reflection of sunlight, mW/cm2-sr-nm 
upwelled radiance from light scattered into receiver by the 
atmosphere, mW/cm2-sr-nm 
Atmospheric transmission Ta(X) is a function of atmospheric  constituents, 
a l t i tude ,  and remote-sensor pointing  angle  (ref. 1 4 ) ;  La(X) is a function 
not only of atmospheric constituents and solar elevation angle, b u t  also of 
target and background reflectance (ref. 19 )  ; Lso( X )  is a function of solar 
elevation angle and atmospheric  conditions;  Lrd( X) is a function of  atmo- 
spheric  conditions and remote-sensor pointing  angle; and Lrs ( X )  is a func- 
tion of sea state and windspeed i n  addition to atmospheric and pointing-angle 
e f fec ts  ( re f .  1 8 ) .  Thus upwelled radiance measured a t  a l t i tude  is a function 
not only of inherent reflectance of t h e  water b u t  also of a l t i tude,  remote- 
sensor pointing angle, atmospheric c o n s t i t u e n t s ,  solar elevation angle, sea 
s ta te ,  and windspeed. 
If  t he  target pollutant and background water are located sufficiently 
close together and no differences i n  surface films exis t ,  s u c h  tha t  Ta(X) ,  
Lrd( X )  , Lrs ( X )  , and La(  X) are equal for both signals, an expression for the  





Thus,  the ratio of sewage-sludge radiance to background-water apparent radiance 
is a function of a l t i tude ,  remote-sensor pointing angle, atmospheric constitu- 
ents, solar elevation angle, sea state, and windspeed, as well as water reflec- 
tance ratio. 
Another algorithm which has some potent ia l  for  ident i f icat ion of marine 
pollutants is one i n  which the difference between the sewage-sludge radiance 
and background-water apparent radiance is expressed as a ratio to the apparent 
radiance of the background water. From equation (B1) t h i s  r a t io  can be 
expressed as 
where 
T h i s  algorithm is similar to t h a t  of equation (B3) i n  that  it is a function of 
a l t i tude ,  remote-sensor pointing  angle,  atmospheric  constituents,  solar  eleva- 
tion angle, sea state, and windspeed, as well as inherent-reflectance charac- 
t e r i s t i c s  of the water. 
A third algorithm often considered for identification of pollutants is the 
simple difference between the sewage-sludge and background-water apparent radi- 
ances  as  defined i n  equation (B7). Again assuming that the sewage sludge and 
background water are located sufficiently close together and no differences i n  
surf ace films exis t  such that T, ( X )  , L,d (x) , Lrs (x) , and La (x) are equal 
for both s igna ls ,  the algorithm for apparent-radiance difference can be written 
from equation (Bl )  as 
14 
.. - . 
APPENDIX B 
A[L,(X) Iss = Ta(X)Lso(X)  A[Pu(X) Iss (B9 1 
T h i s  a l g o r i t h m  a p p e a r s  to have sane advan tage   ove r   t hose  of e q u a t i o n s  (B3) 
and (B6) i n  t h a t  v a r i a t i o n s  d u e  to specular r e f l e c t i o n  o f  s k y l i g h t  a n d  s u n l i g h t  
as well as a t m o s p h e r i c   b a c k s c a t t e r i n g   h a v e   b e e n   e l i m i n a t e d .   T h i s  means t h a t  
r a d i a n c e  d i f f e r e n c e  is a f u n c t i o n  o f  i n h e r e n t - r e f l e c t a n c e  d i f f e r e n c e ,  a l t i t u d e ,  
r e m o t e - s e n s o r   p o i n t i n g   a n g l e ,   a t m o s p h e r i c   c o n s t i t u e n t s ,   a n d  solar e l e v a t i o n  
a n g l e .  
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TABJX I.- O[)MPONENTS OF ARTIFICIAL SEAWATER 
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a d d i t i o n  












TABJX 11.- NUTRIENTS  ADDED  TO ARTIFICIAL SEAWATER 
Amount, grams, added 
per l i t e r  of filtered, 
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TABLE 111.- RESULTS OF LABORATORY ANALYSIS OF TEST-WATER MIXTURES 
1 
! Suspended solids 
Mixturea Description 
i Total, Inorganic, Organic, 
PPm  PPm PPm 
1 
19.3  10.4 8.9  9.2 Mixture 4 plus sewage sludge 5 
11.6  5.4  6.2  7.3 Mixture 3 plus overnight growth 4 
9.6 5.0  4.6  2.9 Mixture 2 plus algae 3 
6.8  2.1 4.7  2.2 Mixture 1 plus algae 2 
7.0  3.4 3.6 1.5 Artificial seawater plus algae 
6 48.7  20.0  20.7  21.2 Mixture 5 plus sewage sludge 
c 
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Figure 1 .- Sketch of laboratory setup. 
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(a)  Standard  sea-level  solar  irradiance  spectra  (ref. 13). 
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(b) Solar-simulator and standard  sea-level  spectra. 
Figure 2.- Standard sea-level solar irradiance spectra and comparison w i t h  
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Figure 3 .- Laboratory test sequence. 
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(a) Spectral radiance. 
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(b) Spectral  reflectance. 
Figure 4.- Laboratory spectral radiance and ref lectance for  ar t i f ic ia l  
seawater-algae  mixtures.  Spectral  resolution, 32 nm. 
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(a) Spectral radiance . 
Figure 5.- Laboratory spectral radiance and reflectance for background water 
and sewage-sludge mixtures.  Spectral  resolution, 32 nm. 
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(b) Spectral  reflectance. 
Figure 5 .- Concluded. 
Fig. 5 data ( mix ture 6)  
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(b) Background water. 
Figure 6.- Spectral reflectance of mixture 4 ,  mixture 6 , and  Back River water. 
Spectral resolution, 32 nm. 
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(a)  Laboratory-measured spectra.  Spectral  resolution, 32 run. 
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(b) Simulated spectra for M2S instrument. 
Figure 7.- Ratio of sewage-sludge reflectance to background-water reflectance 
for sewage-sludge concentration of about 34 ppm. 
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(a)  Laboratory-measured spectra.  Spectral  resolution, 32 nm. 
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(b)  Simulated spectra for M2S instrument. 
Figure 8.- Ratio of difference between sewage-sludge reflectance and 
background-water reflectance to background-water reflectance for 
sewage-sludge concentration of about 34 ppm. 
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(b)  Simulated spectra for M2S instrument. 
Figure 9 .- Difference between sewage-sludge reflectance and background-water 
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(b) Back River water. 
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(c) Filtered, deionized tap water. 
Figure 10.- Spectra of reflectance differences for several sewage-sludge 
concentrations i n  d i f ferent  background waters.  Spectral  resolution, 
32 nm. 
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(b) Calculated ahospheric transmission from analytic model  of reference 1 2 .  
Figure 1 1  .- Typical diffuse-reflector radiance and atmospheric transmission 
spectra for M2S instrument bands. 
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(a) Reflectance differences for Back River  water laboratory tests. 
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(b )  Calculated radiance differences. 
Figure 12.- Com arison of reflectance differences and radiance differences 
for M 9 S instrument and assumed atmospheric  conditions. 
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(a) Aircraft  M2S instrument data. 
Sewage-sludge 
- 4 - X   l ~ - ~ - c o n c e n t r a t i o n ,  ppm Solar  elevation  a gle, 44O 
Altitude, 3 km 
Atmospheric visibil i ty, 15 km 
. 3 -  Ju ly  24,  1978, diffuse  reflector data 
Standard deviation, <+o 
mW 
cm  -sr -nm 2 
0.  I I 1 1 I 1 
400 500 600 7 00 800 900  1000 
A. n m  
(b) Calculated values from laboratory resdlts. 
Figure 13.- Character istics of f ie ld  and extrapolated laboratory results.  
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